A theoretical analysis and observations of the behavior of motorists confronted by an amber signal light are presented. A discussion is given of the following problem: when confronted with an improperly timed amber light phase a motorist may find himself, at the moment the amber phase commences, in the predicament of being too close to the intersection to stop safely or comfortably and yet too far from it to pass completely through the intersection before the red signal commences. The influence on this problem of the speed of approach to the intersection is analyzed. Criteria are presented for the design of amber signal light phases through whose use such 'dilemma zones' can be avoided, in the interest of over-all safety at intersections. W 7, tE LIVE in a difficult and increasingly complex world where manmade systems, man-made laws and human behavior are not always compatible. This paper deals with a problem peculiar to our present civilization, for which a satisfactory solution based on existing information and analysis is not available. The problem in question is that of the amber signal light in traffic flow.
of the road and intersection, and the law are all compatible with one another.
Some thought has already been devoted to this questionUtM1 but it is our opinion that the problem at hand does not appear to have been thought through deeply enough as a problem in operations research nor does it appear to have been supported adequately by published observational and experimental data. It is our intention in this paper to contribute toward the understanding of this situation. First, we derive and discuss some simple relations between car speed, driver decision and reaction time, the parameters of the road and intersection, and the duration of the amber signal light. The results of measurements of the duration of amber signal lights, driver decision plus reaction time, and other parameters entering into the theoretical discussion are next presented. Finally, we discuss the experimental results in the light of theory and the traffic codes of cities and towns throughout the country.
We are well aware that there may be practical difficulties involved in incorporating the results and conclusions of an analysis such as ours into the practical planning of traffic systems, and we do not consider such problems here. It is our hope, rather, that in pointing out the existence and nature of the amber-signal-light problem we may stimulate others to pursue it further and make certain that the driver is confronted with a solvable decision problem. We are, of course, also motivated by the desire to contribute effectively toward the improvement of over-all driver safety and, in this case specifically, safety at intersections.
ANALYTICAL CONSIDERATIONS
WE CONSIDER the traffic situation depicted in Fig. 1 , in which a car traveling at a constant speed vo toward an intersection is at a distance x from the intersection when the amber phase commences. The driver is then faced with two alternatives. He must either decelerate and bring his car to a stop before entering the intersection or go through the intersection, accelerating if necessary, and complete his crossing before the signal turns red. In these cases his acceleration or deceleration will begin at a time 5i or 62 after the initiation of the amber phase, respectively. These time intervals bi measure the reaction time-lag of the driver-car complex as well as the decision-making time of the driver.
In order to carry out a mathematical investigation of the problem we assume a constant acceleration a1 in the case of crossing the intersection, or a constant deceleration a2 in the case of stopping before entering the intersection. If, furthermore, the effective width of the intersection is denoted by w, the length of the car by L and the duration of the amber phase by r, the following relations can be derived: 
Equation (3) gives the (constant) deceleration needed in order to bring the car to a stop just before the intersection as a function of the distance of the car from the intersection at the initiation of the amber phase. We see that a2 becomes infinite for x -vVO 62, as it must. However, even for values of x greater than vO 62, the deceleration given by (3), while finite, may be so large as to be uncomfortable to the driver and his passengers, or may be unsafe under the prevailing road conditions, or even physically impossible. Therefore, assuming the existence of a maximum deceleration a2* by which the car can be brought to a stop before the intersection safely and comfortably, equation (1) defines a 'critical distance', namely, xc =vo 2+v02/2a2*.
If x> xG the car can be stopped before the intersection, but if x < x it will be uncomfortable, unsafe, or impossible to stop. We note that this critical distance is independent of the duration of the amber phase, r, and depends only on the characteristics of the driver-car complex. TIhe required deceleration is plotted versus distance in Fig. 2 . Turning, now, to the second alternative, namely, going through the 
The quantity x0 is the maxiImum distance the car can be from the intersection at the start of the amnber phase and still clear the intersectioli than x0 cannot go through the intersection without accelerating before the light turns red. As mentioned already, when xo<x, the driver is in trouble if he finds himself in the region xo<x<x,, which in the sequel will be referred to as the 'dilemma zone. ' The preceding arguments have been established on the assumption that the approach speed of the motorist is equal to the speed limit so that he cannot accelerate to clear the intersection without exceeding the speed limit. It is possible, however, that even if the amber phase is improperly set so that a dilemma zone exists for an approach speed equal to the speed limit, a motorist may, under certain circumstances, avoid encountering such a dilemma zone if his approach speed is smaller than the speed limit. This is so because the critical distance, xc, decreases rapidly as the approach speed decreases. On the other hand, if the driver is at a distance from the intersection slightly larger than this reduced xc when the amber-light phase begins he may be able, under certain circumstances, to clear the intersection within this phase by accelerating until he has reached the speed limit and then proceeding through the intersection at this speed. An example of this case is illustrated in Fig. 10, which is discussed 
-here speeds are given in ft/sec and times in seconds. intersection. On the other hand, if the speed of the car is 37 mi/hr or lower, no such zone exists. It need hardly be pointed out that under ordinary driving conditions a speed of 37 mi/hr on a highway with a 65 mi/hr-maximum is unrealistic, and quite possibly dangerous.
From the preceding discussion we ascertain that if one were to assume, for low-powered cars, accelerations lower than those given by (17), the values of x0 would be reduced considerably and the dilemma zones increased in the entire range 0<y<?1.
Approaching an intersection at a speed lower than the speed limit is one facet of defensive driving. It is seen from the preceding discussion The straight segment is an extension of the one already plotted on the basis of the second expression in (15), which is independent of the effective speed limit. From these figures we see that even if the driver is willing to accelerate to speeds greatly in excess of the speed limit, he still cannot eliminate the dilemma zone.
With regard to the length of the dilemma zone, the following additional remark can be made on the basis of the preceding discussion. If a driver encounters a dilemma zone the maximum possible distance of the rear bumper of his car from the clearing line of Fig. 1 at the moment the red phase commences is equal to the length of the dilemma zone. This maximum distance is realized if the driver is just past xc when the amber phase commences. Now, if the indecision zone is greater than the effective width of the intersection plus the car length, W, the driver may even have to enter the intersection during the red phase. From Fig. 10 it is seen that this may happen, at the intersection under consideration, to a driver who approaches the intersection at the speed limit and does not want to exceed Most of the observations were made at street intersections within about a fifteen-mile radius of the General Motors Technical Center. It was not our intention to make our data exhaustive, but we feel that enough measurements were made so that fairly definite conclusions based on them could be drawn.
We begin by presenting in Table I a In measuring the drivers' braking reaction time, an observer was stationed near a given intersection at a distance somewhat greater than the estimated xc. The observer would then arbitrarily choose a car in the interval between himself and the intersection and would measure the time interval between the moment the amber signal came on and the moment when the red brake tail light flashed. The distribution of such delay times is plotted in Fig. 11 on the basis of 87 observations. The mean delay time was found to be 1.14 seconds. The determination of an average effective xc was carried out using the following criterion: it is the closest distance at which a car can be from the intersection, when the amber signal commences, and still be capable of stopping before entering the intersection. Measurements of this quantity were made at several intersections and the results are shown in Table II together with the theoretical values calculated from equations (4). The observed x0 was in general a little smaller than the theoretical xc corresponding to the speed limit of the observed intersections. This was probably due to the fact that the traffic was moving, on the average, a little slower than the posted speed limit, since our observations were made during the heavy traffic of the rush hour.
Finally, we measured at a few intersections the average number of cars that ran through the red signal per signal light cycle during rush hour traffic (4:30-6:00 P.M.), together with the average number of cars that pass through the intersection per signal light cycle. These results are shown in Table III Table I yield a dilemma zone smaller than one car-length. Out of these four, one, namely the sixth zone in Table I , gives no dilemma zone at all and is the only such intersection observed in the area.
The fact that almost all the intersections have sizeable dilemma zones is reflected in the data of Table III , which indicate that at the intersections studied as many as two cars went through the red light per light cycle, with an average of close to one car per cycle. It is true that in none of the observed cases did there appear to be any distinict possibility of an accident. However, the fact remains that an average of eleven out of every thousand cars were very much in the middle of the intersection when the red signal started, in violation of the Uniform Vehicle Code. This leaves them open to the possibility of receiving a traffic citation from an assiduous police officer. We might mention here that we were rather surprised to discover a traffic ordinance that made no distinction whatsoever between the yellow and red lights. The instruction regarding both was that "Vehicular traffic facing the signal shall stop before entering the nearest crosswalk at the intersection," a requirement which is clearly impossible to obey under many circumstances. It is interesting to note that in a state-issued driverinstruction pamphlet we again find that the amber and red lights are inter-oreted alike without regard to the operational problems considered here. The same pamphlet instructs the drivers to ". . . drive a reasonable speed which will allow me to stop when the amber light comes on." The analysis given in this paper clearly shows that even reduction of speed and defensive driving when approaching an intersection does not necessarily eliminate the dilemma zone problem if the amber phase is inadequate.
The problem of determining the proper durationl of the amber phase of the light cycle is perhaps more difficult and complicated than may appear at first sight. In this connection we quote MATSON We are aware of the fact that traffic engineers are inclined to shorten the amber phase for various reasons. One of them, probably one of the most important ones, is their conviction, undoubtedly substantiated, that drivers are inclined to ignore a long amber phase and treat it as merely a continuation of the green phase. They believe that as many drivers, if not more, will go through the red light when the amber phase is too long, as will do so if it is too short. However, we believe that it is the duty of the traffic engineers and the drafters of traffic ordinances to present the average, honest, driver with a solvable decision problem. As it stands now, a driver who is in the middle of an intersection when the red light comes on may not be a deliberate violator, but may be the victim of an improperly designed light cycle. It is true that accidents are in general prevented because of some delay of approach of the cross traffic and also by the judicious use of overlapping red cycles. This fact, however, does not release the unwilling violator from the legal responsibility which may become alarming in the case of an accident. On the other hand, with an adequate amber phase it would be easier to separate the violators from the nonviolators, insofar as traffic is concerned.
We believe that a correct resolution of this problem may be found in one of the following alternatives:
1. Design the amber-light phase according to some realistic criteria in order to guarantee that a driver can always be in a position to obey the law.
2. If the amber-light phases are to be kept short relative to criteria such as determined herein, it may be desirable to state the vehicle code in such a way as to make it compatible with the driver, car, road, and signal characteristics.
In either case it would be very advisable to educate both the driving public and the law-enforcing agencies as to the exact operational definition of the amber light. Needless to say, the fewer the variations of traffic ordinanices in this respect, from one locality to another, the fewer the chances of confusion. We wish to re-emphasize our hope that a wellthought-out and operationally sound traffic and enforcement system, together with the healthy driver attitudes of a properly educated public, will promote safer and more efficient driving conditionis
